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Introduction

It is generally believed that catch-up growth is a physi-
ological adaptation that allows humans and other higher 
animals to return to their genetically programmed growth 
trajectory after a period of growth retardation (Crescenzo 
et al. 2003). However, substantial epidemiological evidence 
and experimental animal models demonstrate that maternal 
imbalanced nutrition also has long-term pathophysiological 
consequences. More specifically, it can significantly increase 
the susceptibility to chronic metabolic diseases such as 

obesity, insulin resistance, and type 2 diabetes mellitus 
in later life (Cianfarani et  al. 1999; Ong et  al. 2000; 
Roseboom et  al. 2001; Xiao et  al. 2010; Claycombe et  al. 
2013; Sellayah et  al. 2014). These led to the concept of 
developmental origin of health and diseases (DOHaD), 
also known as “fetal programming” (Barker 2004). Because 
of these findings, the link between maternal imbalanced 
nutrition and later metabolic disorders has become a 
subject of active research. However, the mechanisms un-
derlying maternal imbalanced nutrition and such diseases 
remain largely unclear.
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Abstract

Substantial evidence indicated that catch-up growth could increase the suscep-
tibility to obesity, insulin resistance, and type 2 diabetes mellitus in adulthood. 
However, investigations into the “programming” effects of catch-up growth on 
gut microbiota in the offspring are limited. C57/BL6 mice were fed on either 
low protein (LP) or normal chow (NC) diet throughout gestation and lactation. 
Then, the offspring were randomly weaned to either NC or high fat (HF) diet 
until 32  weeks of age, generating four experimental groups: NC-NC, NC-HF, 
LP-NC, and LP-HF. Metabolic parameters and gut microbiota were examined 
in the offspring. It showed that the NC-HF and LP-HF offspring displayed 
higher body weight (P  <  0.05), impaired glucose tolerance (P  <  0.001), and 
elevated serum lipids (P  <  0.05) at 32  weeks of age. Both the operational taxo-
nomic units (OTUs) and the Shannon indexes (P  <  0.05) showed significantly 
lower microbial diversity in NC-HF and LP-HF offspring. There were significant 
variations in the compositions of gut microbiota in the NC-HF and LP-HF 
offspring, compared with NC-NC offspring (P < 0.05). Furthermore, it indicated 
Lactobacillus percentage was negatively associated with blood glucose concentra-
tions of intraperitoneal glucose tolerance test (r  =  −0.886, P  =  0.019). In con-
clusion, catch-up growth predisposes the offspring to gut microbiota perturbation, 
obesity, impaired glucose tolerance, insulin resistance, and dyslipidemia. Our 
study is novel in showing the “programming” effects of nutrition-induced catch-
up growth on gut microbiota and metabolic diseases in later life.
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Currently, it is widely accepted that gut microbiota can 
affect many biological functions throughout the body. It 
has been estimated that the microbes in our bodies col-
lectively amount to 100 trillion bacteria. The microbes 
can generate a biomass of about 1–2 kg with 2000 distinct 
species. Furthermore, the total genome of gut microbiota 
can contain approximately 100-fold more unique genes 
than the human genome (Qin et  al. 2010). The majority 
of the microbes residing in the gut are now regarded as 
essential to many aspects of human physiology. Numerous 
associations have now been identified that link the meta-
bolic capacity of the microbiota with human nutrition 
and metabolism (Flint et  al. 2012). Increasingly, studies 
on gut microbiota have demonstrated that a balance in 
gut microbial communities is critical for maintaining the 
health of the host (Gu et  al. 2013). However, perturba-
tion of these microbial compositions has been suggested 
to be involved in the pathogenesis of metabolic diseases 
outside the gut, such as obesity (Ley et  al. 2006), diabetes 
mellitus (Cani et  al. 2008), and even nonalcoholic fatty 
liver disease (Mouzaki et  al. 2013).

Postnatal catch-up growth can occur when offspring that 
have experienced protein undernutrition are exposed to an 
energy-rich diet (Claycombe et  al. 2013). Previous studies 
have indicated that a maternal low-protein diet together 
with a postweaning diet high in fat can significantly increase 
susceptibility to obesity, glucose intolerance, and insulin 
resistance in the offspring (Claycombe et  al. 2013; Sellayah 
et  al. 2014). Most organs including liver, pancreas, skeletal 
muscle, and adipose tissue appeared to be imprinted by 
the effects of catch-up growth (Warner and Ozanne 2010; 
Berends et  al. 2013). There is, however, little information 
about the influences on gut microbiota, even though it is 
known that it plays a central role in nutrient metabolism 
and the maintenance of the health of the host (Lalles 2012). 
Moreover, investigations into the “programming” effects 
of maternal imbalanced nutrition on gut microbiota and 
metabolic diseases in offspring in adulthood are limited. 
Given the interrelation and interaction among gut micro-
biota, nutrition, and metabolism, it can be postulated that 
catch-up growth-induced adaptations of the gut microbiota 
can be associated with an increased risk of developing 
obesity and type 2 diabetes mellitus in adulthood. In our 
present work, we aimed at defining the potential effects 
of maternal imbalanced nutrition on gut microbial com-
munities and metabolism disturbances in the offspring.

Materials and Methods

Ethics statement

The protocol was approved by the animal care and use 
committee of the Peking Union Medical College Hospital 

(Beijing, China, MC-08-6004) and was conducted in com-
pliance with the Guide for the Care and Use of Laboratory 
Animals, 8th ed, 2011. All surgery was performed under 
sodium pentobarbital anesthesia, and all efforts were made 
to minimize suffering.

Animals and study design

Seven-week-old C57BL/6J mice were obtained from the 
Institute of Laboratory Animal Science, Chinese Academy 
of Medical Sciences and Peking Union Medical College 
(Beijing, China, SCXK-2014-0107). The animals were raised 
and kept under SPF conditions (room temperature at 
22  ±  2°C; 12  h light/dark cycle). Mice were given ad 
libitum access to food and sterile water throughout the 
study period. Before mating, all the mice were randomly 
fed with NC diet for 1  week for adaptation. Females were 
housed in separate cages and were cohabitated with a 
male for mating upon entering proestrus. Females were 
checked daily for postcopulatory plugs, and the presence 
of a plug in the morning after mating was taken as day 
0.5  day of pregnancy. Then, the pregnant mice were ran-
domly assigned to two groups and were fed on either 
NC diet or LP diet. More precisely, the NC diet contains 
20% protein, whereas the LP diet contains an isoenergetic 
8% protein throughout gestation and lactation, as previ-
ous literature described (Snoeck et  al. 1990). At day 1 
after birth, the litter size of each dam was standardized 
to six pups, to ensure no litter was nutritionally biased. 
All the offspring were weaned at 3 weeks of age. At wean-
ing, the male offspring of dams fed on either NC diet 
or LP diet and then weaned to either NC or HF diet 
until 32 weeks of age. The purified HF diet was composed 
of 58% of energy as fat, 25.6% carbohydrates, and 16.4% 
protein, as previously described (Winzell and Ahren 2004). 
All the diets were produced and purchased by Research 
Diets (New Brunswick, NJ). Therefore, it generated four 
experimental groups in the offspring: NC-NC (n  =  8), 
NC-HF (n  =  8), LP-NC (n  =  8), and LP-HF (n  =  8). 
Male offspring were maintained until the end of the ex-
perimental period. The female offspring were not examined 
in our present study in order to prevent confounding 
factors related to their hormone profile and estrus cycle. 
More importantly, the maternal low-protein diet animal 
model has been indicated to exhibit the programming 
effects in a sexually dimorphic manner, which was not 
the focus of our investigation (Chamson-Reig et  al. 2009; 
Sohi et  al. 2011).

Serum and sample collections

To obviate any litter effects, the male offspring (n  =  8 
per group) from four different litters (n  =  2 per litter) 
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were sacrificed at the end of the experimental period. 
Blood samples (about 3–4  mL) were collected from the 
intraorbital retrobulbar plexus in 10-h fasted anesthetized 
mice. Then, the blood samples were centrifuged at 4000  g 
for 10  min at room temperature and serum was stored 
in aliquots at −80°C. Then ileocecal region contents were 
quickly removed, snap frozen in liquid nitrogen, and stored 
at −80°C for further analysis, as previously described 
(Karlsson et  al. 2011).

Intraperitoneal glucose tolerance test

All the mice were fasted overnight (12  h), weighed and 
injected intraperitoneally with a bolus of glucose (2  g/kg 
of body weight). BG (Blood Glucose) levels were measured 
at 0, 30, 60, and 120  min after glucose challenge from 
whole tail vein blood using a Contour TS glucometer 
(Bayer, Japan). The area under the curve (AUC) of in-
traperitoneal glucose tolerance test (IPGTT) was 
calculated.

Serum biochemical parameters analysis

Serum insulin concentrations were measured using an 
ELISA kit from ALPCO Diagnostics (80-INSMSU-E01, 
Salem, NH) according to the manufacturer’s instruc-
tions. Insulin resistance was assessed using the homeo-
stasis model assessment of insulin resistance (HOMA-IR). 
The HOMA-IR was calculated as fasting insulin con-
centration (μU/mL)  ×  fasting glucose concentration 
(mmol/L)/22.5. The serum cholesterol and triglyceride 
levels were measured using colorimetric quantitation kits 
(K603-100 and K622-100, Biovision Inc., Mountain View, 
CA), respectively. Each sample was measured in 
duplicate.

Gut microbiota analysis

Microbial diversity was analyzed according to our recent 
publication (Zheng et al. 2015). More specifically, microbial 
DNA was extracted using the E.Z.N.A.® DNA Kit (Omega 
Bio-tek, Norcross, GA) according to the manufacturer’s 
protocol. Then, the V3–V4 region of the bacterial 16S 
rRNA gene sequences were amplified by PCR. The primers 
are as following: 338F 5′-ACTCCTACGGGAGGCAGCA-3′ 
and 806R 5′-GGACTACHVGGGTWTCTAAT-3′ where 
barcode is an N-base sequence unique to each sample. 
PCR reactions were performed and the cycle conditions 
were 95°C for 2  min, followed by 27 cycles at 95°C for 
30  sec, 55°C for 30  sec, and 72°C for 45  sec and a final 
extension at 72°C for 10  min. Amplicons were extracted 
from 2% agarose gels and purified using the AxyPrep DNA 
Gel Extraction Kit (Axygen Biosciences, Union City, CA) 

and then quantified using QuantiFluor™-ST (Promega, San 
Luis Obispo, CA USA). Raw fastq files were demultiplexed 
and quality-filtered using Quantitative Insights Into 
Microbial Ecology (version 1.17) with the following three 
criteria: (1) Reads containing ambiguous characters were 
removed. (2) Discarding the truncated reads that were 
shorter than 50  bp. (3) Reads which could not be as-
sembled were discarded. OTUs were clustered with 97% 
similarity cutoff using UPARSE(version 7.1, http://drive5.
com/uparse/) (Edgar 2013) and chimeric sequences were 
identified using UCHIME (Edgar et  al. 2011). The phy-
logenetic affiliation of each 16S rRNA gene sequence was 
analyzed by the Ribosomal Database Project Classifier (RDP. 
Available online: http://rdp.cme.msu.edu/) using confidence 
threshold of 70% (Amato et  al. 2013).

Statistical analysis

All statistical analysis was calculated with SPSS 21.0 (SPSS, 
Inc., Chicago, IL). The data were normally distributed 
and were expressed as mean  ±  standard deviation (SD). 
Statistical differences in body weight and glucose me-
tabolism parameters were determined using ANOVA fol-
lowed by multiple-comparison testing using Bonferroni 
post hoc analysis. PCA is an ordination method based 
on multivariate statistical analysis that maps the samples 
in different dimensions. Metastats was used to compare 
the relative abundance of each taxon at different taxo-
nomic levels between groups. In addition, correlation 
analyses between the relative abundance of sequences 
belonging to different bacterial class and the AUC of 
IPGTT were performed by using Spearman’s correlation 
analyses. P value <0.05 were considered to be statistically 
significant.

Results

Effects of catch-up growth on offspring 
body weight

Birth weight and body weight at weaning were both sig-
nificantly lower in the offspring of the dams fed low-
protein (LP) diet (P  <  0.05 and P  <  0.01, respectively). 
However, after 5 weeks, there was no significant difference 
of body weight among the four groups (P  >  0.05). 
Moreover, the offspring from normal chow (NC) and 
LP dams fed high fat (HF) diet from weaning had higher 
body weight at 16  weeks of age until to termination, 
compared with the NC-NC offspring (P  <  0.05). The 
body weight is heavier in NC-HF offspring at 32  weeks 
of age than in LP-HF offspring, but the difference is 
much smaller than difference between LP-HF and NC-NC 
offspring (Fig.  1).

http://drive5.com/uparse/
http://drive5.com/uparse/
http://rdp.cme.msu.edu/
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Effect of catch-up growth on glucose 
tolerance in the offspring

The blood glucose levels of the male offspring in the 
NC-HF and LP-HF groups were significantly higher at 
30  min (P  <  0.001), 60  min (P  <  0.001), and 120  min 
(P  <  0.01) after intraperitoneal glucose administration, 
compared with those of the NC-NC offspring. 
Consistently, the blood glucose AUC was significantly 
greater in NC-HF and LP-HF than NC-NC offspring 
(P  <  0.001) (Fig.  2).

Effect of catch-up growth on insulin 
sensitivity in the offspring

We further examined the insulin sensitivity of the off-
spring. It indicated that both the fasting blood glucose 
(P  <  0.05) and serum insulin concentrations (P  <  0.05) 
of the NC-HF and LP-HF offspring were significantly 
higher than NC-NC offspring at 32  weeks of age. 
Furthermore, HOMA-IR of the NC-HF and LP-HF 

offspring was also significantly higher compared with the 
NC-NC offspring (Fig.  3).

Effect of catch-up growth on lipid levels in 
the offspring

Serum triglyceride and total cholesterol levels were both 
significantly elevated in the NC-HF (P  <  0.05 and 
P  <  0.001, respectively) and LP-HF offspring (P  <  0.05 
and P < 0.001, respectively) at 32 weeks of age, compared 
with the NC-NC offspring (Fig.  4).

Lower bacterial richness and evenness in the 
offspring

Because there is no significant difference in body weight 
and all the glucose metabolism parameters between LP-NC 
and NC-NC groups throughout the experiment, we did 
not perform microbial diversity analysis for LP-NC offspring. 
The microbial diversity of offspring in NC-NC, NC-HF, 
and LP-HF groups (n  =  6, each group) were investigated. 

Figure  1. Maternal and postweaning imbalanced diets affected offspring body weight. Data represent as mean  ±  SD (n  =  8, in each group). 
*P < 0.05, **P < 0.01, ***P < 0.001 NC- HF versus NC-NC group. #P < 0.05, ##P < 0.01, ###P < 0.001 LP-HF versus NC-NC group. ^^^P < 0.001 NC-
HF versus LP-HF group. Diet abbreviations: NC, Normal chow; LP, Low protein; HF, High fat. Dam and pup diets denoted before and after the dash 
line, respectively.

Figure 2. Maternal and postweaning imbalanced diets affected glucose tolerance and insulin sensitivity in the offspring. IPGTT(A) and 
area under the curve (AUC) (B). Data represent as mean ± SD (n = 8, in each group). ***P < 0.001 NC-HF versus NC-NC group, ###P < 0.001 
LP-HF versus NC-NC group. IPGTT: intraperitoneal glucose tolerance test. AUC: area under the curve. Diet abbreviations: NC, Normal chow; LP, Low 
protein; HF, High fat. Dam and pup diets denoted before and after the dash line, respectively.
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A total of 245,220 high-quality sequences were obtained 
in this study, with an average of 20,435 sequences per 
sample. The number of sequences was similar between the 
LP-HF and NC-NC groups (20,450  ±  3939 vs. 
20,420  ±  5072, P  >  0.05). The Good’s coverage of each 
group was over 97%, indicating that the 16 S rRNA gene 
sequences identified can represent the majority of bacteria 
present in the samples of this study. The operational taxo-
nomic units (OTUs), the estimators of community richness 
(Chao), and diversity (Shannon) are shown in Table  1. 
The Shannon’s diversity index considers both richness and 
evenness. There were statistically significant differences in 
OTUs (131.70  ±  94.85 vs. 235.00  ±  8.19, P  <  0.05) and 
Shannon indexes (2.96  ±  0.31 vs. 3.73  ±  0.09, P  <  0.05) 
between LP-HF and NC-NC offspring. There were also 
statistically significant differences in OTUs (235.00  ±  8.19 
vs. 110.00  ±  67.10, P  <  0.05) and Shannon indexes 
(3.73  ±  0.09 vs. 2.67  ±  0.77, P  <  0.05) between NC-HF 
group and NC-NC group, demonstrating the significantly 
lower bacterial richness and evenness found in NC-HF and 
LP-HF offspring compared with NC-NC offspring (Table 1).

Differences in the microbial compositions in 
the offspring based on principal coordinates 
analysis (PCA) and Venn diagram

Principal coordinates analysis (PCA) of Illumina MiSeq 
amplicon data demonstrated significantly separate 

Figure  3. Maternal and postweaning imbalanced diets affected insulin sensitivity in the offspring. FBG(A), Serum insulin levels(B) and 
HOMA-IR(C). Data represent as mean ± SD (n = 8, in each group). *P < 0.05 NC-HF versus NC-NC group, #P < 0.05 LP-HF versus NC-NC group. 
Area under the curve (AUC): area under the curve, IPGTT: intraperitoneal glucose tolerance test. FBG: Fasting blood glucose, HOMA-IR: 
Homeostasis model assessment of insulin resistance. Diet abbreviations: NC, Normal chow; LP, Low protein; HF, High fat. Dam and pup 
diets denoted before and after the dash line, respectively.

Figure  4. Maternal and postweaning nutrition imbalance induces dyslipidemia in the offspring. Serum triglyceride (A) and total 
cholesterol levels (B). Data represent as mean ± SD (n = 8, in each group). *P < 0.05, ***P < 0.001 NC-HF versus NC-NC group. #P < 0.05, 
###P < 0.001 LP-HF versus NC-NC group. Diet abbreviations: NC, Normal chow; LP, Low protein; HF, High fat. Dam and pup diets denoted 
before and after the dash line, respectively.

Table  1. Sequencing data summary and diversity analysis in the 
offspring.

NC-NC NC-HF LP-HF

Sequences 20,420 ± 5072 21,826 ± 2532 20,450 ± 3939
OTUs 235.00 ± 8.19 110.00 ± 67.101 131.70 ± 94.852

Chao 257.30 ± 10.12 130.60 ± 62.10 147.00 ± 96.69
Shannon 3.73 ± 0.09 2.67 ± 0.771 2.96 ± 0.312

OTUs: operational taxonomic units Diet abbreviations: C, Control diet; 
HF, High fat diet. Dam and pup diets denoted before and after the dash 
line, respectively.Data represent as mean ± SD (n = 6, in each group). 
The number of OTUs, richness estimator Chao, and diversity estimator 
Shannon were calculated at 3% distance.
1P < 0.05 NC-HF versus the NC-NC group.
2P < 0.05 LP-HF versus the NC-NC group.
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clustering of the gut microbial communities between the 
LP-HF and NC-NC offspring and NC-HF also clustered 
away from the NC-NC. Precisely, PC1 percent variation 
explained 57.54% and PC2 percent variation explained 
22.63% (Fig.  5). It is indicated that there are significant 
differences in the microbial compositions between the 
groups. Venn diagram also revealed that the microbial 
community structure was significantly different in the 
offspring of LP-HF and NC-NC groups. More precisely, 
the Venn diagram showed that 224 OTUs were common 
in LP-HF and NC-NC offspring. Fifty-five distinct OTUs 
were present only in NC-NC offspring, whereas the other 
24 OTUs were present only in the LP-HF offspring 
(Fig.  5).

Microbial structures in the offspring 
differed significantly

Figure  6 shows the overall microbiota structure for each 
group at the phylum and genus level in the LP-HF 
and  NC-NC offspring. The dominant phyla of the LP-HF 
and NC-NC offspring were Bacteroidetes, Firmicutes, and 
Proteobacteria. Bacteroidetes were significantly decreased in 
the offspring from LP dams and weaned to HF diet. 
However, the Verrucomicrobias and Proteobacteria were 
significantly increased in LP-HF offspring, compared with 
NC-NC offspring (Fig.  6A). Figure  6B revealed that the 
genus-specific relative abundance of microbiota were 
significantly different between the LP-HF and NC-NC 

offspring. The heatmap according to bacterial genus level 
also demonstrated the same phenomenon (Fig.  7).

Effects of catch-up growth on phylotypes in 
the offspring

There were significant variations in the composition of 
gut microbiota between the LP-HF and NC-NC offspring 
at different bacterial levels. More specifically, at the phy-
lum level, the percentage of Tenericutes,Candidate_divi-
sion_TM7, and Bacteroidetes was significantly lower in 
LP-HF offspring. Conversely, Verrucomicrobia and 
Proteobacteria exhibited a statistically significant higher 
percentage in LP-HF compared with NC-NC offspring 
(P  <  0.05). The microbial composition was also signifi-
cantly different at the genus level, with nine genera being 
different between the LP-HF and NC-NC offspring. 
Lactobacillus, RF9_norank, Candidate_division_TM7_no-
rank, S24-7_norank, vadinBB60_norank, Candidatus_
Arthromitus, and Desulfovibrio genera showed a significant 
lower percentage in LP-HF offspring (P  <  0.05), whereas 
Akkermansia and Parabacteroides genera demonstrated 
significant higher percentage in LP-HF, compared with 
NC-NC offspring (P < 0.05). Lactobacillus genus exhibited 
a statistically significant higher percentage in LP-HF com-
pared with NC-HF offspring, whereas Erysipelotrichaceae_
Incertae_Sedis showed a significant lower percentage in 
LP-HF compared with NC-HF offspring (P  <  0.05; 
Table  2).

Figure 5. Differences in the microbial compositions in the offspring based on principal coordinates analysis(PCA) and Venn diagram. n = 6, in each 
group. Diet abbreviations: NC, Normal chow; LP, Low protein; HF, High fat. Dam and pup diets denoted before and after the dash line, respectively.
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Correlation analysis

In order to evaluate the relationship between gut microbial 
communities and glucose metabolism in the offspring, 
correlation analyses between the relative abundance (%) 
of sequences belonging to a specific bacterial genus in all 
the offspring and the glucose response to a glucose load 
were performed. It suggested that Lactobacillus percentage 
was negatively associated with AUC of IPGTT (r = −0.886, 
P  =  0.019) (Fig.  8).

Discussion

The developmental origins of health and disease (DOHaD) 
hypothesis predicts that environmental exposures such as 
nutrition experienced early in life have the potential to 
modify susceptibility to later-onset metabolic diseases 
(Saffery 2014). In this study, we showed that impaired 
nutrient supply during perinatal growth-induced adaptive 
changes, leading to metabolic disorders, such as obesity, 
impaired glucose tolerance, insulin resistance, dyslipidemia, 
and nonalcoholic fatty liver disease when the organism 
was challenged with increased caloric intake. Our results 
are consistent with previous studies showing that maternal 
imbalanced nutrition-induced detrimental consequences 
on glucose and lipid homeostasis (Claycombe et  al. 2013; 
Baik et  al. 2014; De Toro-Martin et  al. 2014; Sellayah 
et  al. 2014). Therefore, maternal undernutrition results 
in lower birth weight that is accompanied by the devel-
opment of chronic metabolic diseases in later life.

Numerous studies demonstrated that the microbiota could 
be considered as one major player in the development of 
obesity, diabetes mellitus, and nonalcoholic fatty liver disease 

(Ramakrishna 2013; Gangarapu et  al. 2014). Therefore, we 
investigated the “programming” effects of maternal nutri-
tion imbalance on gut microbial compositions in the off-
spring. Our studies indicated that the offsprings that 
experienced either a maternal protein restriction or normal 
chow diet followed by high-energy nutrition had significantly 
lower bacterial richness and evenness. Similarly, one large 
clinical study also showed that obesity, insulin resistance, 
and fatty liver were more prevalent in individuals with 
low bacterial richness compared with subjects characterized 
by high gene count (Le Chatelier et  al. 2013).

In agreement with previous studies, our study showed 
that the dominant phyla of all the offspring were 
Bacteroidetes, Firmicutes, and Proteobacteria (Karlsson et al. 
2011; Evans et  al. 2014). We herein showed that 
Bacteroidetes were significantly decreased in the offspring 
of nutrition-induced catch-up growth. Evidence in the 
literature also indicated that the levels of Bacteroidetes in 
the gut microbiome were reduced with obesity while el-
evated when obese individuals lose weight (Turnbaugh 
et  al. 2009). In another study, it was observed that there 
was a lower abundance of Bacteroidetes in nonalcoholic 
steatohepatitis patients compared with healthy control 
subjects (Mouzaki et  al. 2013).

Furthermore, our study showed Lactobacillus percentage 
was negatively associated with blood glucose concentrations 
of IPGTT. This indicated gut microbiota communities such 
as Lactobacillus might be an important bacterial phylum 
in the metabolic programming of nutrition-induced catch-
up growth. Several studies also showed that probiotic 
products could regulate blood glucose levels in diabetic 
human and Lactobacilli are often used as probiotic agents 
(Ejtahed et  al. 2012). One previous study indicated that 

Figure 6. Relative abundance of bacterial phyla in microbiota at the phylum(A) and genus(B) level in the offspring. n = 6, in each group. Diet 
abbreviations: NC, Normal chow; LP, Low protein; HF, High fat. Dam and pup diets denoted before and after the dash line, respectively.

(a) (b)
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probiotic yogurt containing Lactobacillus acidophilus La5 
and Bifidobacterium lactis Bb12 significantly decreased fast-
ing blood glucose and hemoglobin A1c and increased 
erythrocyte superoxide dismutase in patients with type 2 
diabetes mellitus (Ejtahed et al. 2012). Naito et al. reported 
that oral administration of Lactobacillus casei strain Shirota 
had the potential to prevent obesity-associated metabolic 
abnormalities by improving insulin resistance in 

diet-induced obesity mice (Naito et  al. 2011). A recent 
study also demonstrated that Lactobacillus casei could mark-
edly prevent rats from the onset of type 2 diabetes (Zhang 
et  al. 2014). However, various Lactobacillus species have 
also been reported as positively correlated with glucose 
intolerance in several independent clinical studies (Delzenne 
et  al. 2015). One study showed that Lactobacillus species 
correlated positively with fasting glucose and HbA1c levels 

Figure 7. Heatmap analysis of abundant genera in the offspring. n = 6, in each group. The y axis is a neighbor-joining phylogenetic tree, each row is 
a different phylotype. The abundance plot shows the proportion of 16S rRNA gene sequences in each group. Diet abbreviations: NC, Normal chow; 
LP, Low protein; HF, High fat. Dam and pup diets denoted before and after the dash line, respectively.
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(Karlsson et  al. 2013). Other studies also showed that 
bacteria increased in the gut of type 2 diabetic patients 
also included the sulfate-reducing bacteria Desulfovibrio, 
as well as Lactobacillus gasseri, Lactobacillus reuteri, and 

Lactobacillus plantarum (Sato et  al. 2014). Together, these 
data indicate that Lactobacillus may play an important to 
modulate gut microbiota and the impact of Lactobacillus 
on glucose metabolism is still controversial.

Conclusions

This study clearly shows that nutrition-induced catch-up 
growth predisposes the offspring to obesity, impaired 
glucose tolerance, insulin resistance, nonalcoholic fatty 
liver disease, and gut microbiota perturbation in later 
life. Our work is novel in showing the “programming” 
effects of maternal nutrition imbalance on gut microbiota 
and metabolic diseases in adult mice. Therefore, it is sug-
gested that therapeutic interventions targeting gut micro-
biota may be a new theoretical basis for preventing the 
onset of such metabolic diseases in individuals with previ-
ous episodes of growth restriction.
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Phylum Verrucomicrobia 0.01 19.63 – 13.32 0.02 –
Genus S24-7_norank 34.69 10.78 0.00 13.36 0.03 –
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Diet abbreviations: C, Control diet; LP, Low-protein diet; HF, High fat diet. Dam and pup diets denoted before and after the dash line, respectively.P 
value had no statistically significant difference (≥0.05) were not shown.
1P < 0.05 NC-HF versus the NC-NC group.
2P < 0.05 LP-HF versus NC-NC group.
3P < 0.05 LP-HF versus NC-HF group.



305© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd. 

Catch-Up Growth and Gut Microbiota in OffspringJ. Zheng et al.

Rowland (Section on Integrative Physiology and Metabolism, 
Joslin Diabetes Center, Harvard Medical School, Boston, 
MA) for manuscript editing and revision.

Conflicts of Interest

The authors declare no conflict of interest.

References

Amato, K. R., C. J. Yeoman, A. Kent, N. Righini, F. 

Carbonero, A. Estrada, et  al. 2013. Habitat degradation 

impacts black howler monkey (Alouatta pigra) 

gastrointestinal microbiomes. ISME J. 7:1344–1353.

Baik, M., P. Rajasekar, M. S. Lee, J. Kim, D. H. Kwon, W. 

Kang, et  al. 2014. An intrauterine catch-up growth 

regimen increases food intake and post-natal growth in 

rats. J. Anim. Physiol. Anim. Nutr. (Berl) 98:1132–1142.

Barker, D. J. 2004. The developmental origins of chronic 

adult disease. Acta Paediatr. Suppl. 93:26–33.

Berends, L. M., D. S. Fernandez-Twinn, M. S. Martin-

Gronert, R. L. Cripps, and S. E. Ozanne. 2013. Catch-up 

growth following intra-uterine growth-restriction 

programmes an insulin-resistant phenotype in adipose 

tissue. Int. J. Obes. (Lond) 37:1051–1057.

Cani, P. D., R. Bibiloni, C. Knauf, A. Waget, A. M. 

Neyrinck, N. M. Delzenne, et  al. 2008. Changes in gut 

microbiota control metabolic endotoxemia-induced 

inflammation in high-fat diet-induced obesity and 

diabetes in mice. Diabetes 57:1470–1481.

Chamson-Reig, A., S. M. Thyssen, D. J. Hill, and E. Arany. 

2009. Exposure of the pregnant rat to low protein diet 

causes impaired glucose homeostasis in the young adult 

offspring by different mechanisms in males and females. 

Exp. Biol. Med. (Maywood) 234:1425–1436.

Cianfarani, S., D. Germani, and F. Branca. 1999. Low 

birthweight and adult insulin resistance: the “catch-up 

growth” hypothesis. Arch. Dis. Child. Fetal Neonatal Ed. 

81:F71–F73.

Claycombe, K. J., E. O. Uthus, J. N. Roemmich, L. K. 

Johnson, and W. T. Johnson. 2013. Prenatal low-protein 

and postnatal high-fat diets induce rapid adipose tissue 

growth by inducing Igf2 expression in Sprague Dawley 

rat offspring. J. Nutr. 143:1533–1539.

Crescenzo, R., S. Samec, V. Antic, F. Rohner-Jeanrenaud, J. 

Seydoux, J. P. Montani, et  al. 2003. A role for suppressed 

thermogenesis favoring catch-up fat in the pathophysiology 

of catch-up growth. Diabetes 52:1090–1097.

De Toro-Martin, J., E. Fernandez-Millan, E. Lizarraga-

Mollinedo, E. Lopez-Oliva, P. Serradas, F. Escriva, et  al. 

2014. Predominant Role of GIP in the Development of a 

Metabolic Syndrome-like Phenotype in Female Wistar 

Rats Submitted to Forced Catch-up Growth. 

Endocrinology 155:3769–3780.

Delzenne, N. M., P. D. Cani, A. Everard, A. M. Neyrinck, 

and L. B. Bindels. 2015. Gut microorganisms as 

promising targets for the management of type 2 diabetes. 

Diabetologia 58:2206–2217.

Edgar, R. C. 2013. UPARSE: highly accurate OTU sequences 

from microbial amplicon reads. Nat. Methods 

10:996–998.

Edgar, R. C., B. J. Haas, J. C. Clemente, C. Quince, and R. 

Knight. 2011. UCHIME improves sensitivity and speed of 

chimera detection. Bioinformatics 27:2194–2200.

Ejtahed, H. S., J. Mohtadi-Nia, A. Homayouni-Rad, M. 

Niafar, M. Asghari-Jafarabadi, and V. Mofid. 2012. 

Probiotic yogurt improves antioxidant status in type 2 

diabetic patients. Nutrition 28:539–543.

Evans, C. C., K. J. Lepard, J. W. Kwak, M. C. Stancukas, S. 

Laskowski, J. Dougherty, et  al. 2014. Exercise prevents 

weight gain and alters the gut microbiota in a mouse 

model of high fat diet-induced obesity. PLoS ONE 9:e92193.

Flint, H. J., K. P. Scott, P. Louis, and S. H. Duncan. 2012. 

The role of the gut microbiota in nutrition and health. 

Nat. Rev. Gastroenterol. Hepatol. 9:577–589.

Gangarapu, V., K. Yildiz, A. T. Ince, and B. Baysal. 2014. 

Role of gut microbiota: obesity and NAFLD. Turk. J. 

Gastroenterol 25:133–140.

Gu, S., D. Chen, J. N. Zhang, X. Lv, K. Wang, L. P. Duan, 

et  al. 2013. Bacterial community mapping of the mouse 

gastrointestinal tract. PLoS ONE 8:e74957.

Karlsson, C. L., G. Molin, F. Fak, M. L. Johansson Hagslatt, 

M. Jakesevic, A. Hakansson, et  al. 2011. Effects on 

weight gain and gut microbiota in rats given bacterial 

supplements and a high-energy-dense diet from fetal life 

through to 6  months of age. Br. J. Nutr. 106: 887–895.

Karlsson, F. H., V. Tremaroli, I. Nookaew, G. Bergstrom, C. 

J. Behre, B. Fagerberg, et  al. 2013. Gut metagenome in 

European women with normal, impaired and diabetic 

glucose control. Nature 498:99–103.

Lalles, J. P. 2012. Long term effects of pre- and early 

postnatal nutrition and environment on the gut. J. Anim. 

Sci. 90(Suppl 4):421–429.

Le Chatelier, E., T. Nielsen, J. Qin, E. Prifti, F. Hildebrand, 

G. Falony, et  al. 2013. Richness of human gut microbiome 

correlates with metabolic markers. Nature 500:541–546.

Ley, R. E., P. J. Turnbaugh, S. Klein, and J. I. Gordon. 

2006. Microbial ecology: human gut microbes associated 

with obesity. Nature 444:1022–1023.

Mouzaki, M., E. M. Comelli, B. M. Arendt, J. Bonengel, S. 

K. Fung, S. E. Fischer, et  al. 2013. Intestinal microbiota 

in patients with nonalcoholic fatty liver disease. 

Hepatology 58:120–127.

Naito, E., Y. Yoshida, K. Makino, Y. Kounoshi, S. Kunihiro, 

R. Takahashi, et  al. 2011. Beneficial effect of oral 

administration of Lactobacillus casei strain Shirota on 

insulin resistance in diet-induced obesity mice. J. Appl. 

Microbiol. 110:650–657.



306 © 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd. 

J. Zheng et al.Catch-Up Growth and Gut Microbiota in Offspring

Ong, K. K., M. L. Ahmed, P. M. Emmett, M. A. Preece, 

and D. B. Dunger. 2000. Association between postnatal 

catch-up growth and obesity in childhood: prospective 

cohort study. BMJ 320:967–971.

Qin, J., R. Li, J. Raes, M. Arumugam, K. S. Burgdorf, C. 

Manichanh, et  al. 2010. A human gut microbial gene 

catalogue established by metagenomic sequencing. Nature 

464:59–65.

Ramakrishna, B. S. 2013. Role of the gut microbiota in 

human nutrition and metabolism. J. Gastroenterol. 

Hepatol. 28(Suppl 4):9–17.

Roseboom, T. J., J. H. van der Meulen, A. C. Ravelli, C. 

Osmond, D. J. Barker, and O. P. Bleker. 2001. Effects of 

prenatal exposure to the Dutch famine on adult disease in 

later life: an overview. Mol. Cell. Endocrinol. 185:93–98.

Saffery, R. 2014. Epigenetic change as the major mediator 

of fetal programming in humans: are we there yet? Ann. 

Nutr. Metab. 64:203–207.

Sato, J., A. Kanazawa, F. Ikeda, T. Yoshihara, H. Goto, H. 

Abe, et  al. 2014. Gut dysbiosis and detection of “live gut 

bacteria” in blood of Japanese patients with type 2 

diabetes. Diabetes Care 37:2343–2350.

Sellayah, D., L. Dib, F. W. Anthony, A. J. Watkins, T. P. 

Fleming, M. A. Hanson, et  al. 2014. Effect of maternal 

protein restriction during pregnancy and postweaning 

high-fat feeding on diet-induced thermogenesis in adult 

mouse offspring. Eur. J. Nutr. 53:1523–1531.

Snoeck, A., C. Remacle, B. Reusens, and J. J. Hoet. 1990. 

Effect of a low protein diet during pregnancy on the 

fetal rat endocrine pancreas. Biol. Neonate 57:107–118.

Sohi, G., K. Marchand, A. Revesz, E. Arany, and D. B. 

Hardy. 2011. Maternal protein restriction elevates 

cholesterol in adult rat offspring due to repressive 

changes in histone modifications at the cholesterol 

7alpha-hydroxylase promoter. Mol. Endocrinol. 

25:785–798.

Turnbaugh, P. J., V. K. Ridaura, J. J. Faith, F. E. Rey, R. 

Knight, and J. I. Gordon. 2009. The effect of diet on the 

human gut microbiome: a metagenomic analysis in 

humanized gnotobiotic mice. Sci. Transl. Med. 1:1–10. 

6ra14.

Warner, M. J., and S. E. Ozanne. 2010. Mechanisms 

involved in the developmental programming of adulthood 

disease. Biochem. J 427:333–347.

Winzell, M. S., and B. Ahren. 2004. The high-fat diet-fed 

mouse: a model for studying mechanisms and treatment 

of impaired glucose tolerance and type 2 diabetes. 

Diabetes 53(Suppl 3):S215–S219.

Xiao, X., Z. X. Zhang, W. H. Li, K. Feng, Q. Sun, H. J. 

Cohen, et  al. 2010. Low birth weight is associated with 

components of the metabolic syndrome. Metabolism 

59:1282–1286.

Zhang, Y., X. Guo, J. Guo, Q. He, H. Li, Y. Song, et  al. 

2014. Lactobacillus casei reduces susceptibility to type 2 

diabetes via microbiota-mediated body chloride ion 

influx. Sci. Rep. 4:5654.

Zheng, J., X. Xiao, Q. Zhang, L. Mao, M. Yu, and J. Xu. 

2015. The Placental Microbiome Varies in Association 

with Low Birth Weight in Full-Term Neonates. Nutrients 

7:6924–6937.


